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1. Introduction 
Friction stir-welding is an effective solid-state joining 
technique especially suitable for aluminium alloys because it 
minimises the risk of common defects associated with fusion 
welding processes. Originally developed in 1991 by The 
Welding Institute (TWI) for aerospace applications, it has been 
also adopted by different industries including the marine, 
nuclear, automotive and rail for the fabrication of large 
components and joining of dissimilar materials [1]. Flash 
formation is inevitable in friction stir-welding due to the 
combination of friction-induced heat and high axial loads 
causing a part of the material around the joint line to be 
gradually extruded along the path that the welding pin 
traverses. Depending on the process parameters, the height of 
the generated flash could be up to a few centimetres which 
might be difficult to remove manually once it has cooled down. 
In addition to flash formation, it is also common that friction 
stir-welded surface is imprinted with the plunging and feed 
marks of the FSW tool during the operation. These two main 
issues require friction stir-welded components to be machined 
off in a subsequent operation which could be milling or manual 
finishing depending on the shape, size and cost of the 
component and also available machinery. Assuming that 
required technical specifications are met, conventional milling 
machines can carry out friction stir-welding when equipped 
with correct tooling and fixtures which is a cost-effective 
solution for small and medium enterprises. Fig. 1 (a) and (b) 
illustrate this process for an example component from the civil 
nuclear industry. The cycle time of weld finishing operations 
such as deflashing and deburring on the machine tool as shown 
in Fig. 1 (c) including the setup, programming and machining 
is comparable to that of the friction stir-welding. This is a major 
issue in terms of productivity, as it means that the machine tool 
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Abstract 
One required process in the fabrication of large components is welding, after which there may be a need for machining to achieve final dimensions 
and uniform surfaces. Friction stir-welding (FSW) is a typical example after which a series of deburring and grinding operations are carried out. 
Currently, the majority of these operations are carried out either manually, by human workers, or on machine tools which results in bottlenecks 
in the process flows. This paper presents a robotic finishing system to automate the finishing of friction stir-welded parts with minimum human 
involvement. In a sequence, the system can scan and reconstruct the 3D model of the part, localise it in the robot frame and generate a suitable 
machining path accordingly, to remove the excess material from FSW without violating process constraints. Results of the cutting trials carried 
out for demonstration have shown that the developed system can consistently machine the corner joints of an industrial scale part to desired 
surface quality which is around 1ȝPLQRa, the arithmetic average of the surface roughness. 
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is allocated for a significantly lower value-added task instead 
of carrying out friction stir-welding or milling. Robots can be 
tasked with this kind of weld finishing operations which would 
release the machine tools and also enable the automation of 
additional operations, such as grinding and inspection, which 
are generally carried out to meet and ensure the final surface 
quality.  
 
 
Fig. 1. (a) FSW probe during process. (b) Formation of flash and FSW marks. 
(c) Face-milling for initial deburring. 
One of the fundamental studies on robotic weld finishing 
was carried out by Whitney et al. [2] who developed a force-
controlled robotic disk grinding system to level down the weld 
bead, apparently, on planar surfaces. The system was also 
equipped with a vision module combining a structured laser 
light projector with a CID camera to monitor the weld bead 
geometry during grinding. Digitised weld bead profiles are fed 
into a grinding pass planning algorithm which maximises the 
use of the limited power in a pneumatic spindle. More recently, 
Pandiyan et al. [3] proposed a convolutional neural network 
based approach to detect whether the weld seam removal has 
been successfully completed in a robotic abrasive belt grinding 
process. They used an off-the-shelf DSLR camera to acquire 
images of the different weld seam states and then used deep 
learning techniques to predict the evolution of weld seam 
geometry throughout the process.  
Programming robot paths for parts with nonconformities 
can be a very time-consuming task without the assistance of 
sensors. There have been different sensor-assisted path 
generation techniques proposed in the literature [4-7] mainly 
for deburring. Vision-based techniques appear to be more 
promising compared to others as they could provide the model 
of the as-manufactured part in which the deviations due to 
nonconformities can be detected quickly and in detail. The 
workpiece localisation is a way of using vision assistance to 
program the paths automatically or alternatively set a datum 
frame at a relevant point on the part which can be used to alter 
pre-defined paths. Mathematical aspects of the workpiece 
localisation were discussed in detail by Zexiang et al. [8]. 
Rajaraman et al. [9] extracted edge features from parts with a 
rough, pre-determined position, using a laser line scanner, and 
matched them with CAD models in order to localise a part in 
two dimensions. A study by Kosler et al. [10] took scans of a 
reference part, which were compared with scans taken of new 
workpieces using the Iterative Closest Point (ICP) algorithm, 
in order to transform and fit a pre-programmed tool path. 
Posada et al. [7] used a calibrated laser scanner to obtain 3D 
point cloud data, based on the known kinematics of a robot. 
They also used the ICP method, to match 3D data from a 
calibrated laser scanner to a nominal CAD model for 
localisation, and for looking ahead of the tool during a 
machining operation, in order to compensate for any 
geometrical deviations. 
The aim of this paper is to present a milling-based robotic 
finishing system to remove FSW marks and flash from the part 
using vision assistance. It was developed considering the 
process requirements of the example component in Fig. 1. 
However, its application is not limited to the given example 
only and could be suitable to any prismatic component. In 
contrast to the methods discussed above, this paper aims to 
present an industry-focused approach, with reference to the 
results of machining operations, and a discussion of how to 
select machining parameters, based on stability analysis.  
The paper is organised as follows. The theoretical 
foundations of the system features are described in details in 
Section 2. Results of the cutting trials to demonstrate the 
system on an industry-scale component are presented in 
Section 3. Conclusions of the study and additional discussions 
are given in Section 4.  
2. Vision-assisted robotic finishing system 
The developed robotic finishing system is based on the 
concept of scanning and machining with the same end effector 
as shown in Fig. 2 (a). The robot in the system is a factory-
calibrated 6-axis Stäubli TX200 robot with ±0.06 mm 
repeatability. A line structured laser sensor, Micro Epsilon 
2911-100/BL, is mounted on one end of the end effector 
adapter to scan the region to be machined as illustrated in Fig. 
2 (b). It has a measurement range of 100 mm in axial and lateral 
directions and a resolution of 12 ȝPZLWKDPD[LPum scanning 
frequency of 300 Hz. A 16000 RPM pneumatic spindle with 
adjustable deflection unit, BIAX RSC-16000, is attached to the 
other end of the end effector adapter to de-flash the edges and 
clean up the surface as shown in Fig. 2 (c).  
 
 
Fig. 2. (a) Vision-assisted finishing end effector. (b) Robot during scanning 
(c) Robot during machining. 
A LabVIEW-based data acquisition and process planning 
interface communicates with the CS8C HP robot controller 
through TCP/IP protocol and it is able to exchange and alter 
VAL3 programs and data types online. It is connected to the 
laser sensor with TCP/IP also. The part can be scanned either 
in manual mode by the operator or in automatic mode by 
running an offline generated path with respect to a set or fixed 
datum frame. A 3D point cloud of the region of interest, which 
is in this case the corner joints, can be generated given the 
position of the flange frame during the scan and laser sensor 
profile coordinates which are both acquired and processed by 
the LabVIEW interface. Based on the maximum height of the 
detected flash or burr, a set of path points can be computed with 
respect to the robot base. Process parameters are either 
suggested from the lookup data embedded in the system or 
entered by the operator. Once the path is generated and checked 
by the operator, the spindle is selected by rotating the flange 
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180 degrees, and the machining operation begins. The process 
is presented in detail in the following sections. 
2.1. Workpiece localisation 
The localisation of the workpiece in the robot base 
coordinate system  or simply robot base frame  is the first 
and essential step of the presented robotic machining system as 
it enables automatic generation of the machining path later on. 
For localisation with the laser sensor, the kinematic 
relationship between the laser frame and base frame has to be 
known. Illustrated in Fig. 3, the problem of defining this 
relationship is known as the hand-eye calibration that aims to 
estimate the homogenous transformation matrix between the 
robot base frame and wrist-mounted sensor frame. 
Suppose that PL = [xL, yL, zL, 1]T is a point read by the laser 
sensor on an object fixed in the robot base frame, T is the 
transformation matrix between the base frame and flange frame 
and X is the transformation matrix between the flange frame 
and laser frame, the hand-eye calibration problem can be 
formulated, as described in [11], as follows:  
1 21 2L L
T XP T XP                                                                     (1)                                                    
where indices 1 and 2 specify the initial and final poses of the 
robot. X is a 4 x 4 homogenous transformation matrix between 
the flange frame and laser frame assumed to be the only 
unknown in the Eq. (1) and remains constant in the initial and 
final poses of the robot, provided that the laser is rigidly 
mounted. Pre-multiplying both sides by T2
-1 and then post-
multiplying by (PL1)
-1, Eq. (1) can be written in an alternative 
form as below:  
AX XB                                                                             (2) 
where
1
2 1
A T T
  and
2 1
1
.
L L
B P P
 There have been different 
methods proposed in the literature [12-14] to solve the AX = 
XB equation for X.  One of the methods, which could be 
considered as practical especially in an industrial environment, 
is referred to as two-stage solution which decomposes the 
equation into two parts and solves both parts consecutively. 
When PL is measured in the laser sensor frame, it can be 
transformed into the base frame as follows:  
0 1 0 11 1
B LL L
P PR t R t ª º ª ºª º ª º« » « »« » « »¬ ¼ ¬ ¼¬ ¼ ¬ ¼                                          (3)                  
where PB is the measured point transformed into the base 
frame, R and t are the rotation and translation parts of the 
homogenous transformation matrix T between the flange frame 
and base frame and RL and tL are the rotation and translation 
parts of the homogenous transformation matrix X between the 
laser frame and flange frame, which are the unknowns and 
written in bold in this paper for readability. For two consecutive 
robot poses n-1 and n, Eq. (3) can be expanded as below:  
1 1 1 1 1 1n n n n n n n n n n n n
L L L L L L
R R P R t t R R P R t t
                 (4)                     
From Eq. (4), RL and tL can be estimated through a set of laser 
sensor measurements of a target point fixed in space. A 
common target point which could be used in this process is the 
centre of a calibration sphere with a known diameter.  
In the first step of the two-stage solution, RL should be 
estimated first as the second step requires RL to be available. If 
the centre point of a sphere, PL is measured by the laser sensor 
in two consecutive robot poses in a way that the flange frame 
orientation would remain unchanged, namely Rn = Rn-1, then 
Eq. (4) is simplified to:  
  11 1[ ] [ ]n n n n nL LP P R t t     LR                                 (5)                     
For i measurements of the sphere centre while Rn = Rn-1 in each 
measurement, a system of linear equations can be obtained as: 
1 2 2 3 1
1 2 1 1 1
,
, ..., ,
[( ) ( ) ,..., ( ) ( ) ]
, n n
L L L L L L
n n n n
M N
M P P P P P P
N R t t R t t

  
  
   
    
ª º¬ ¼
L
R
                    (6) 
where M and N are 3 x i and RL is 3 x 3 matrices. 
 
 
Fig. 3. Description of the hand-eye calibration problem for the Stäubli TX200 and laser sensor. 
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The singular value decomposition of MNT gives its left and 
right singular matrices U and V which can then be used to 
calculate RL as:  
T
V U 
L
R                                                                           (7)                                                                                                                                  
In the second step of the solution, similar to the first one, the 
centre of the sphere PL is measured by the laser sensor again in 
two consecutive poses in which, this time, the flange frame 
position remains unchanged to reduce Eq. (4) to:  
1 1 1n n n n n n
L L
R R R P R P
         ª º ª º¬ ¼ ¬ ¼L L Lt R R            (8)                                                                                             
Taking k consecutive measurements of the sphere centre 
while tn = tn-1 and plugging RL in, tL can be found by solving 
Eq. (8) through least-squares estimation. A series of 
experiments were carried out to estimate RL and tL of the laser 
sensor as shown in Fig. 4 (a) and validate the described 
calibration method. The calibration object used in the 
experiments was a 30 mm diameter calibration sphere (Rs = 15 
mm) coated with a matt layer to minimise the effect of 
reflection. In all experiments, the aim was to locate the centre 
of the sphere (xL, yL, zL) in different robot poses.  Therefore, the 
laser sensor was pointed at the sphere at a given robot pose and 
the intersection of the sphere surface and laser plane, which 
would be a near-perfect circle neglecting the inherent noise in 
the instrumentation, was acquired. Each measurement 
consisted of a 1280 x 2 data set, meaning that the x (lateral) and 
z (depth) components of 1280 points were taken, representing 
2D coordinates of the sphere-laser light intersection in the laser 
frame. For each acquired data set, the centre (xL, zL) and radius 
(Rc) of the sphere-laser plane intersection were calculated by 
circle fitting as illustrated in Fig. 4 (b). The third coordinate of 
the sphere centre yL was found using the Pythagorean theorem. 
It should be noted that the sign of yL can take a positive or 
negative value according to the position of the sphere centre in 
the laser frame. 6 and 10 measurements were taken 
respectively, each containing a data set in the initial and final 
poses of the robot as required by the calibration method, to 
estimate RL and tL solving Eq. (5) and Eq. (8), respectively. 
 
 
Fig. 4. (a) Laser sensor measurements on the calibration sphere. (b) 
Calculation of the sphere centre. 
Once the calibration process was completed, the sphere was 
partly scanned in 3 different robot poses for validation. The 
centre point and radius of each validation data set were 
calculated through least-squares estimation. Presented in Table 
1 and Fig. 5, results show that it is possible to achieve 
submillimetre accuracy in the workpiece localisation with a 
very small number calibration data set. The standard deviation 
for yL, zL and Rs is less than 0.5 mm whereas it is relatively 
higher for xL being around 0.8 mm, which are a comparable 
order of magnitude with the results obtained in [14] with 
similar number of measurements.  
Table 1. Results of calibration validation trials presented in the robot base 
frame. 
Measurement xL (mm) yL (mm) zL (mm) Rs (mm) 
Sphere 1 1034.532 662.340 298.366 15.391 
Sphere 2 1033.544 661.356 297.513 15.195 
Sphere 3 1032.899 661.929 297.913 15.157 
Standard Deviation 0.822 0.494 0.427 0.125 
 
 
 
Fig. 5. Calibration validation trials at 3 different robot poses. 
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2.2. Automatic Path Generation 
An industrial robot path consists of a sequence of frames 
describing the desired poses of the tool frame during the 
motion. Once the workpiece reconstruction and localisation by 
scanning have been completed with a sufficient accuracy, a set 
of reference geometrical features can be defined on the scan 
model of the workpiece which will enable path frames to be 
computed automatically. The first step of this procedure is to 
filter the scan data to remove the noise caused by the laser 
reflection especially from the corner flash. Depending on the 
severity of the noise, 3rd or 5th order one-dimensional median 
filtering along the scanning direction can eliminate the outliers 
without smoothing the data excessively. The second step is to 
calculate the total depth of material to be removed from the top 
surface. Shown in Fig. 6 (a), as the top and side faces of the 
corner joint are planar, they can be set as datum planes and 
taken as reference for the calculation of the total depth.  
Suppose that tP  and sP  are two planes fitted to a series of 
points on the top and side surfaces of the corner joint whereas 
tn  and sn  are the unit normal vectors and tcq  and scq  are the 
centroids of these two planes, respectively. Let fmaxp be a point 
on the corner joint where the height of the flash is maximum 
with respect to tP . Assume that d and w  are scalars for the 
maximum depth and width of the FSW tool marks, 
respectively. In this case, the total depth to be removed from 
the corner joint, z , can be expressed as:  
max
( )
f tc t
z d p q n   
                                                     (9)                                                                                                   
The third step is to calculate the tool orientation which is 
assumed to remain constant during machining as the corner 
joint does not have any curvature. As shown in Fig. 6 (b), 
planes tP  and sP  intersect along a line where tv  is the unit 
direction vector of the line which can be found by taking the 
cross product of tn  and sn . Ideally, tn , sn  and tv  are expected 
to be orthogonal to each other meaning that they would 
construct a rotation matrix which would define the tool 
orientation during machining. However, due to the errors 
caused by plane-fitting and rounding, the constructed rotation 
matrix may have a determinant different from, although close 
to, 1 and therefore it is required to be orthogonalised. After the 
orthogonalisation, the rotation matrix is decomposed into Euler 
angles which define the tool orientation.  
The fourth step is to locate the points which define the frame 
origins in the machining path. Plane-fitting to the first and last 
profiles in the scan data, the corner joint is bounded by two 
planes, enP  and exP  , which indicate the tools entry and exit 
planes, respectively. The intersection of these two planes with 
the unit direction vector, tv , results in two sets of points on the 
part. Offsetting these points in the direction of tn  and sn  by z
and w  will yield the starting and ending points of the first path 
segment which can be found by linear interpolation. If the tool 
frame is defined at the centre of the tool, the diameter 
compensation should also be taken into account. Dividing z  to 
the desired radial depth of cut, ea ,the number of passes can be 
calculated which will enable to locate the rest of the segments 
by offsetting. 
 
 
Fig. 6. (a) FSW joint geometry and description of variables. (b) Generated path on the scan data 
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2.3. Selection of Cutting Parameters  
There are several types of cutting tools that could be suitable 
for the machining task described in Fig. 6 (a), including 
abrasive discs, mounted points, carbide round tools and so on.  
In comparison to mounted points or similar abrasives, carbide 
round tools are able to remove more material and yield longer 
tool life when finishing FSW surfaces of softer materials and 
therefore are preferred where possible. However, in the case of 
carbide round tools such as end-mills and burrs, larger widths 
of FSW marks which are typically between 15 mm and 40 mm, 
require longer tool stick-out lengths which increases the risk of 
chatter. In order to mitigate this risk, the spindle speed and axial 
depth or radial depth combination should be selected 
considering the dynamics of the robot-spindle-tool system.  
One of the most commonly used spindle types for robotic 
finishing is air-driven pneumatic spindle which works as an 
open-loop system meaning that setting and control of the 
spindle speed is not practical. In this case, axial and radial depth 
appear to be the only cutting parameters that can be actually 
controlled against chatter. Described in detail in [15], the 
process of selecting these two parameters begins with 
determining the tool-tip frequency response function (FRF) 
through modal testing. Tool-tip FRF can then be used to 
simulate the process stability, in this case milling with carbide 
round tools, for a set of cutting conditions.  
One way of displaying the output of these simulations is the 
stability lobe diagram which plots the stable axial or radial 
depth against the spindle speed. In every stability lobe diagram, 
there is an absolute stability limit below which the process is 
considered to be stable for any axial or radial depth regardless 
of the spindle speed. For chatter-free robotic finishing with 
carbide round tools, it is proposed that the absolute stability 
limit would be used to determine the axial and radial depth 
combination.  
To illustrate, Fig. 7 (a) shows the results of a series of impact 
tests conducted at the tip of a 6 mm diameter and 4 flutes 
carbide end-mill inserted into a pneumatic spindle attached to 
the end effector previously shown in (a). The tests were carried 
out using 3 sizes of impact hammers to acquire the FRF in a 
wider spectrum. Fig. 7 (b) shows the results of stability 
analyses carried out to find the chatter-free axial and radial 
depth combination.  
Embedding this data into the process planning interface in the 
form of a graph or look-up table, cutting parameters can be 
selected correctly minimizing the risk of chatter.  
 
Fig. 7. (a) Tool tip FRF of 6 mm diameter and 27 mm stick-out end mill. (b) 
Axial and radial depth selection based on the absolute stability. 
3. Cutting Trials  
In order to demonstrate the developed robotic finishing 
system, cutting trials were carried out with a 6 mm diameter, 
45 degrees helix angle and 4 flutes carbide end-mill tightened 
into the spindle with an ER collet. The part was a 250 mm x 
250 mm x 1070 mm friction stir-welded borated aluminium 
tube securely clamped down to the machining bed. In the first 
step, one corner-joint was scanned along its length at 25 mm/s 
robot feed. In the second step, the part was machined at 60 
mm/s robot feed to a smooth surface finish. Spindle speed 
varied in the trials between 7200 RPM and 8400 RPM. The 
axial and radial depths were selected using the graph given in 
Fig. 7 (b). The description of the experimental setup and 
involved processes are illustrated in Fig. 8.  
Surface roughness measurements at 10 randomly selected 
points were taken along the feed direction. The process was 
repeated for the second corner joint to evaluate whether the 
results would be consistent. Fig. 9 (a) illustrates that the 
generated surface is fully clean and free of any FSW marks. 
Shown in Fig. 9 (b), it is possible to achieve around 1.1 µm 
average surface roughness value with the described method. In 
addition, from Fig. 9 (c) the deviation of the average surface 
roughness between two machined corners is also negligibly 
small which points out that the developed weld finishing 
process is repeatable from the quality perspective. 
 
 
 
 
Fig. 8. The description of the vision-assisted robotic finishing setup and process flow.
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Fig. 9. (a) Surface picture before and after. (b) Surface roughness before and after. (c) Process repeatability in surface roughness results.
4. Conclusion 
A robotic finishing system with the scan-and-machine 
approach is presented. The system combines the workpiece 
localisation, automatic path programming and process 
parameter selection features, coordinated by a LabVIEW VI, 
which is in communication with the robot controller at all 
times. It has been shown that the workpiece can be localised in 
the robot base frame using a range of robot pose configurations, 
with a maximum standard deviation in the scanned coordinates 
of 0.82 mm. It is expected that increasing the number of 
calibration data and enlarging the calibration workspace would 
significantly improve the localisation accuracy, reducing the 
well-known contribution of joint errors (e.g. gear backlash, 
encoder error) to positional inaccuracy across the range of 
possible robot poses. Automatic path generation on the 
reconstructed 3D point cloud is promising because it eliminates 
the CAM and verification process. However, additional 
supervision may be required to avoid collision risks. Cutting 
tests have demonstrated that the developed robotic finish 
machining system is able to achieve average surface roughness 
values of approximately 1.1 µm in the removal of friction-stir 
welding excess material, with a high repeatability. This meets 
the required surface quality set by the industry-standards 
which, for the finished part, is around 1.25 µm. The system is 
also a cost-effective solution as it does not have to be equipped 
with expensive laser tracking or tool changing equipment 
which may cost, in total, more than the robot itself.  
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